
MR No. E5K29

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICSw@@+..
.,. . ., .

Wf--lrnm lUNBORT
ORIGINALLY ISSUED

December 1945 as
Memorandum Report E5K29

PROCESS OF LEAD -DEPOSIT ACCUMULATIONS ON

AIRCRAFT-ENGINE SPARK PLUGS

By J. L. Sloop, George R. Kinney, and William H. Rowe

Aircraft Engine Research Laboratory
Cleveland, Ohio

. .
.,. :, .,,,,. :,, .,:1,!”

.! .\ ..,~,, “,+- ,, ,,.1, ,,,. , ,

,.:. :,.I..),.;>” ..”9. .,.,.

ACA ,,. , ,. ..,.“’:,:. ,,
,\ ’\”..,, ~b_:,.. , :. ; .. .

‘,.-,, ..... ..$

..>-*-” ,
, ,,.,,.- .. .. .,,--

WASHINGTON . . ,,,,!,,;. ....4.$.,.,..f ~-~’.’,7

,.:>~, i’1,.. .!

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

E -181



.—. — .. ——- ...—.

3 117601-~= .—.-.

NATIQLU 4DVISOBY 00MMITTEC FOR A3!Z101WTICS

KIYKIRAilD’UMnl!WRT

for the

Air Tcchiical Sez-rice 00mmand, ~ AIr Forces

PilOCESSOF LIWI-DEPOSIT ACOUMULATIONS ON

AIZZ02WT-IMUIXE SPAHK PLUGS

By J. L. Sloop, George 3. Kinnq, r.ndWilliam H. Rowe

Teats with ~ szd aircraft-we single-cylinder engineo
were made to invefltigatethe pro~reesivc accumulation of lead
deposits on spark plugs under nonva.ryingoperati~ conditions.
I!eposit-weightdeterminations ond ~hot~graphic observ.%tionsare
~resented, which demonetrato ‘he following characteristics of
depo~it accumul~tion:

1. Dqosits accumulate at rates that docre&se ?.sthe total.
weight o:?deposit incroaeos.

.. ~o chango in tho rato of dqosit accumah.tion with timo-1

mqv differ with different e;lgire~per:!thg condlticvm.

3= Depooits may chaa~e tholr pozitiona on the spark ylug
dui’ingongino o~er::tioanndar the influmcos of gravitation and
mclocular forceR and, possibly, forcos arising from gas flow
within tiiecombustion chamber.

IHZRCTMTC!21ON

We of tho disadvantages of lead as an antihock agent far
aircraft fuel is its characteristic of depeiting, oithor as the

? metal or as a compound, on combustio~chamber surfaces during en-
gine operation. Lead deposits on ep=rk plugs aro known to cause
ignition failuree both by bridging the olectrodo gaps andhy form-
ing conducting paths P.crosstho insulator mxrfacos and are sus-
poctod of lowering tho proignltian re.tingsof sparkplugs and of
contributing to tho croslon of f3pELr&:JlUg olectrcdes. Because of
theso actions, the deposition of lead on sparkplug not only
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constitutes a flying hazard but also increases tho time and cost
of aircraft-engine maintenace~ acts as a limiti~” factor on the
use of totraethyl leads and constitutes m obstacle to the devel-
opment of spark plugs of longer somice life.

Several investigation of lead fouling In tapecifioonginee,
notably the V-17M, have boon made. Part of the Hparle@ug foul-
ing difficulty experienced with this typo engine haa been traced
to em unaven Retribution of tetraethyl lo~d to the individual oyl-
inders ‘tier cruising conditions; reductions in fouling difficulties
have been achieved by tho following aids to lead distribution: in-
crease in ifio~d.1’ tcmporature; increase in coolant tmperaturo;
and tistdlntion of a hafflo or a ven%nl in the main induction
trunk. Occaaimal burets of high-powor opor?tion have been found
to reduce deposits accumulated during long pcrioda of cruise opere-
tion. ‘NACAtests (roferenoo 1) and toete by the Shhyl Gasoline Cor-
poration have indicated that substantial reductions in lead foulir~
can b~ realized by increcsi~? the amount of load-ecr.vongingagent
(ethylene dibromidc) in the fuel P-bOVCIthe etoichioaotric proyo~
tion normally used (l-T six).

At the request of tho Air !L%chnicalSoi~ice Command, Army Air
Forcoe, an inve~tigation of the fund?nontel processos of lo~.dfml-
ing of SIMUACplugs w.s bown at the i!AM Cleveland laboratory in
A~;ut 15?43. T!w reaulte roparted heroin doscribo tho charactc~
istlc~ of th yrcgrossive build-up of sparK-@ug d~oslte with time
during einglo-cylinder en@no tostc wader ncmvarying oporating cm-
ditimls. TIC rcmlts are pros(?ntcdrm a gonoral sur~oy af tho
t.opoeit-accu-mlrtionprocns~ and of the manner in which the prococs
Elaylx?o=L;ectedto ckngc with witlolyvo.ring operating conditions.
Tho ImJTVoy ~Jrcviclosa basic for ir.tO~lrCtingtest results in studies
of tho cffocte of specific operatir.gcondition~ on load fouling,

Tho progressive accunuhtion ~f dqosit on varkpl.uga wm
obsorvod W oxxzdning each spark pluq end porioclicallyveighing
ita total d~oslt throumout a ee~ies of test runs at constant en-
gino conditions. I%otographic records of tlnoikyocits were mQdo
in eonc Casosm

TMormi.naticm of douoeit wei~. - Deposit wciglhtswore detor-
mincd by wei~J.ir~the qark XJIUGSon an malytical ba.lmco before
and after their uee in the e@na. A cleaning techzziquowas devcl-
~ped to mird.mizovc@ht errors duo to oil, moisturo, and other ex-
traneous mr.torialon oxtornd mrfaccs. For all of tho tests oxcc@
ono, tho catim.tod prceieion of weight determination (based on
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woightareciaion tests) was 46 mllligrame. For one test the esti-
mated precision was *1O milligram? hut the maximum dsviation was only
6 percent owing to the large amounts of deposits eccumukt od during
t%is test (fig. 1). Tests with nonleadod fuel showod that wei~t
changes uaueedby carbon fouling and gap erosion wero not groator than
the unoortainty of weight determination. Ho oil fouling was observed
during tho te~te. An uncontrollable (but probably small) error occurs
in tho lmoaking off of deposit on the periphery of the ~ar~plug
shell when the spark plug is removed from the cylinder.

Test engines. - A OITZP--Jknocldeot engine, with sM@t modi-
fications in the auxilkry oquipmcnt, was used for part of the tests.
For the remainder of the other tests, a V-1710-51 engine modifiod
for singlc+cylindoroperation wam used. The rocker arms, pistonn,
and connecting rods of the left bank wore removed and holes were
drilled in five of the right-bank pistons to reduce friction losses.
The firing oylhder was &E. Yuol wae injected into avaporlzation
chamber that was connoctod to the st&ndnrd three-port manifold of
the engine. The intake parts of cylinders @ and 5Rwere blanked.
.4petcock was installed at the lowest point of each blanked section
of tho mmifold to dotoct the accumulation of liquid fuel but none
was obsomed. Engine power was ahsorbad by a dynamometer and stand=
ard laboratory equipment was ueed to measure engine oporatl~ con-
ditions.

Smrk WIWS. - Hew spark plugs of three different typos desl~
natod ties A, B, ~d C, wcr~ us~d for tho tostsm

E’uol. - !!lhefuel used for the tcst~ was U-F-2G, Amendment-2,
with totraothyl-load a?.ditione(1-T mix) in somo cases.

.3ESULTSNIT)DISCUSS1ON

Variation of dmosition with time. - The history of deposit
acoumulatlon on a t~o h syark plug in tho Cm engine is recordod
In tlgure 1. In ordor that the test might cover the condition of
very large totnl d~osit without tho necessity for long engine runs,
the load conttontof the fuel was inoroaaed to 34 milliliters per
gellon. @ditatively, the variation of net rato of deposition with
timo Is ~lcal of that observed under a varloty of conditions of
engine opor~.tion,epar&plug type, ~ad le?.dcontent of the fuel. 5e
deposit ~t t.hoend of the test filled tho spar~pl~nose oavity
approximately to the end of the Insulator. A photograph of the
spark plug at the end of the test is also ehown in figure 1. An
attempt to oporate the spark plug at big??engine power after the cow
pletion of tho accumulation test was unsu.ocossfult)ecnueeof short
circuiting by tho fouling deposit.
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Effect of vower level. - As shown in figure 2, different engine
opf3retingconditions may romzlt in time-accumulation curves of qtito
different shapes and tho relative offccts of different operating
condition~ on total accumulation of deposit ~ depend upon oporat-
ing tklo. The tests wore made with the CITRengine, using fuel with
a I.eadcontent of 4.6 milliliters per @ion, c.ttwo different power
levels. Spa,rk-ylugfailure occurrod during the lo~owor run shortly
alter 14 hours of oporation becauso of tho formation of a small bell
cf load deposit on an oloctrodo gr.p. Tho appomranco of tho spark
plug at this timo is shown in figmo 3.

Accumulation of dcao~it masses. - The nccumd.ation of hposit
with tlmo in the exhmst spark plug of tho convertod V-I71O singlo-
cylindor engine is shown in figuro q. MO ongino was operatnd at
cruieo condition with fuel containing lg ml TIULper gallon. During
the test, the development of doposit on tho sp=!s plug was photog-
raphically rocordod. The photographs, which woro tdcon each timo
tho sparkplug was removed from tho cngiro for weighing, aro shown
in chronological order in figme 5. The sparkplug ie shown in the
samo orientation in all photographs~ tho orientation being approxi-
matol.ythat which occurrod in the engine. ~ephotographs of fi~
uro 5 indicate that a lergo portion of the deposit existed during
engino oporation in tho form of melton globules, which changed posi-
tion under tho hfl.uonce of gravit~.tionand mclocular forcos and,
possibly, forces arising from Kp.s flow within tho combustion chanbor.
As the total deposit bccc.melargo after long operation, tho co.ncoE-
tration of deposit ne~r’tho lowod point of tho spark~lug cavity
becamo pronounced.

(lbsorvntiom of dcpositc on many spnrk pluga at the C1.ovoland
laboratory have shown thnt tho a-ppocr.nnccsand charactoristicn of
depoeits finned wader difforcnt conditions may bo quito difforont.
It is thorofore ~on~iblo to ?osignato anyyarticular dopoeit
t~iccl; dqoosits similar to thoso of figuro 5 hmo, h~wovor, bocn
obsorvod on lat’lyfoulod qmzrk pluge from onginos in service USO.

Domosit 108SO~. - %0 ~~t Characteristic fMturO of tho accum-
ulation of lead daposit on spark plugs is the docrcase in not rato
of deposit with @orating time. Vhen the total dcpo~it is large,
such a docroaso would ‘Doexpected booauso of tho resultant filling
of tho spar%pl~noso cavity. T“cforcnco5 hm d-.ovm that for aprk
plugs of ogocntid.ly the SP.10design differing orly in tho volumo of
tho noso cavi~, the rate of accumuhtlon of dcpcait is a function
of tho volamo of tho nose caviti~. Filling of the cavity dcos not,
howovor, explain difforoncofiin rates of chango of deposition for
similar mark plugs such as aro illustrated by tho curves of fig-
ure 2. Tho only gcnoral statomcnt that cznbo mado concerning tile
accumulation of dupooit is that both tho Initial rate of dupositlon
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and its variation with time depend upon tho construction of the
spmk pl~~ Fad its oporating conditions. Tho mauner In whioh tho
-rateof depoalt varies sug~oata that the not rato is tho result of!.
dapodtion~ poii’eib~at a conmtant rate, and loss of .d6poeitat a
rnto that increases as the total deposit incroasos. &m prooosaos
of thi~ tyI?omight be oxpectod to bo Indepondont funotionn of oper-
ating conditions. The nonstationary Mture of the daposit, aa-
shown by tho photogr~.phmof figure 5, euggoota that deposit 10SSOS .
might bo expected to occur during ongino operation. In ordor to
test this possibility, a spark plug was oporatcd in tho ~ ongtio
at a spoaific powor of (),6g indioated horsopowor por oubic Inoh with
S reforonco fuel to which had boon added 6 ml.TEL por gallon. At
tho ond of 7* houm, tha qark plug had collectod 159 milligrams of
deposit. Tho spark plug was then roplaood in the ongino ar~ OPOZ=
atod for 1 hour under tho sam conditions but with nonloadod S rof-
oremco fuel. At tho ond of tho hour tho dopofiitweight had fallen
to 112 milligrams, a value 30 percent lower than tho original de-
posit weight. A similar test on anothor spark ylug resulted in a
deposit I.OSSof 35 porcmt during tho oporation with nonleadod
fuel. The l~othcclo that dcqosit Is continuously being lost during
engine oForc*.tionimylios tkt advantages in mtifouling porformzce
can bo ~a:nod through tho use of coab-astion-chmnbcrmd spe,rlwplug
c~nstruotions that facilitate mob. 10ss0s.

o of (l-t weipztQ. - Tho aloctrlcnl fa%luro of a
spark plug by lead fouling occurs rhon n deposit Fath of aufficicnt
cloctrical conductnnco to provont sparking ie formod botweon tlho
apnr&plug shll or a grount olcctrodo and tlnccontor olcctrodo. In
tho cnco cf direct bri~qirg of tho oloctr~dc gap (fig. 3), a Very
-1 moat Of dcjjomitmay S&fficc to C&USO tho actual fmi~urO.
Exporioncc F.t%c Clovolrni Mbmntory hcs imlicatod that zap bridg-
ing Is not tho most comon ti-poof falluro of cpark ylugs Inoorgorak
ing largo nickel or tungsten olcctr~dos. In the more umzal caso of
failure by conduction along deposits on tho insulator, short cir-
cuiting doe~ not occus until rclativoly largo quantities of deposit
aro prcsont. In this case, tho occurronco of a short-circuiting
path deponde u.on the amount of d.upooitprosont, its distribution,
nnd Ito oloctricol conductlvl~~ It seems evident from flguro 5
tlmt, aside from certcin concontr~.tinginfluencoo suoh as tho force
of grnvi@ nnd large tompernturo differences,tho distribution of
deposit on tho sparWplug surfaooa Is largely a matter of chance.
Tho mount of deposit and the chemical or plrysicaloham.ctoristics
of the depofiitshould then bo conslderod as factors determining the
probability of failure, whereas ‘&o aotual occurrcnco of failure is
dopondcnt uyon the distribution.of deposit. Tho rate of accumul~
tion of deposit is a neasuablo quanti~ that, when interpreted with
duo regard for tho oharaotoristios of the doponit, is an indication



of the probability of failure within a given period of operation. .
Although tho net rato of accumulation Is apparently subject to somo
rmdcm v~uz!.r.tion~as would bo expected from the foregoing d4.scuonion
of tho proooso of deposit build-up, it is e more reproducible quan-
tity than the occurrence of sparkplug failure.

In order to illustrate tho v.nriationsthat w bo observed
among deposit wei,~ts obtainod under conntant test conditions, tho
distribution dhgmm of figure 6 was propamd from tho results of
2?4 ?.opo~lt-accumulq.tionrum mede to date for which deviations from
a moan deposit voiglhtcould bo coqmted. Tho dingrnm of figuro 6
includes doviatlonu from the arithmotlccl moan for all cases in which
two or mere e.ccumflationruns wore mado under the same. con?itlons
and deviations from the mean-value curves of indopcndcnt varir.blos.
Tho root-mom-wunre deviation for the obsmvp.tions of fLguro 6 is
13 percent. ‘I!hotests for which tho deviations vere computed
covorod a wide rmge of fuels cnd engino conditions. mat of tllo
toets were of relatively short duation (o-bout 2 hr). I!hqmrienco
has indicated that >ercentmgo dovlp.tionsfrom c.mean d,?poaitwei@t
for long tests aro apt to be as .qeat as tlnoscfor short tests.

SUMMAEY 03?RESUIJTS

Several tosto, with coua~t engino conditions during each test,
wore w.do with Cm end V-1710 singlo-cylinder engines emd have shown
that the procoss of accumulation of lead deposits on spcrk Flugs has
the following churactcriotics:

1. Deposits accumuhto at rctoc tho.tdocre.%soas the total
weight of d~o~it incrcnscs.

2. The chnngo in the r%to of duposit accumulation with time
mqv differ Ifithdifferent er<ine opor:-tingconditions.

3. Do=?osits may chmngo their positions on the sparkpl~ dur-
ing engino oporntion under tho influm.ce of gravitation and nolmulnr
forcoa and, possibly, forcec ~~ising frmz gns flow within the conbue-
tion chnmber.

Alrcr~ft En=dno Research Laboratory,
:?Ptlollr.lM.VISOW Co~it.toc for AoronP.utics~

Clovchnd, (hiO.

1. MulcE@, B. A., and Ziplcin,M. A.: Tho 13ffoctsof nn Incrcmo
in the Concontrm.tionof Et.hylancDibmmido in R Loaded Fuel
on Lead Deposition, Corrosion of I*ust Vnlvos, and Knock-
Licitod Powor. ?TACA.ARR ;qo.E~Wa, 2.?25.
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Figure 1. - Accumulation of deposit on a type A spark plug with running time. CFR engine; Com-
pression ratio, 6.65; engine speed, iOOO rpm; indicated mean effective pressure, 82 pounda
pOr square inch; fuel-air ratio, 0. 10; inlet-air temperature, 85° F; coolant temperature,
212° F; spark advance, 45° B.T.C.; fuel, AN-F-28 with tetraethy i-load content increased te
34mi!ii liters per gallon [I-T mix).
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gure 2. - Effect of power level on deposit accumulation on type C
spark plugs with running time. CFR engine; compression ratio, 6.65;
fuel-air ratio, O. 10; inlet-air temperature, 90° * 7° F; cool ant
temperature, 212° F; spark advance, 4L30 B.Toc.; fuel, AN-F-28,

Amendment 2 (4.6 ml TEL/gat ).
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Figure 2. - Effect ‘of power Ievei on deposit accumulation on type C
spark piugs with running time. CFR engine; compression ratio, 6.65;
fu. ei -air ratio, 0. 10; ini et-air temperature, 9Q” f 7° F; coo i ant
temperature, 212° F; spark advance, 4150 B.T.c.; fuei, AN-F-28,
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Figure 3. - A type C spark plug with ball in left gap that
caused spark-plug failure shortly after 14 hours~ opera-
tion in CFR engine. Compression ratio, 6.65j engine speed,

1800 rpm; indicated mean effective pressure, 82 pounds per

Square inch; fuel-air ratio, 0.10; inlet-air temperature,

90° i=; coolant temperature, 212° F; fuel, AN-F-28,
Amend merit-2 (4.6 ml TEL/gal).
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Figure 4. - Accumulation of deposit on a type B spark plug in exhaust
pOsition with running tiMe. v-1710 single-cylinder angine; engine
speed, 2000 rpm; manifold pressure, 30 inches mercury absolute; fuet-
● ir ratio, 0.10; iniet-ai r temperature, 85° F; coolant temperature,
250° F; fuel, AN-F-28 with tetraethyl- Iead content increased to 18
milliliters per gallon (I-T mix).
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Figure 5. - Accumulation of deposit on a type B spark plug
in exhaust position of V-i~iC) cylinder. Engine speed,
2000 rpm; manifold pressure, 30 inches mercury absolute;
fuel-air ratio, O. 10; inlet-air temperature, ~~” F; coolant
temperature, 250° F; fuel, AN-F-29 with tetraethyl I ead
content increased to 18 milliliters per gallon (l-T mix).
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Figure 6. - Distribution diagram showing percentage deviations of indi-
vidual deposit weights either from e mean of two or more deposit weights
obtained under the same conditions or from mean-value curves of indepen-
dent variables. ‘
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